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Abstract: Objective Investigation of bone conduction sound propagation by osseous and non-osseous
pathways and their interactions based upon the stimulation site and coupling method of the actua-
tor from a bone conduction hearing aid (BCHA). Methods Experiments were conducted on five Thiel
embalmed whole head cadaver specimens. The electromagnetic actuator from a commercial bone con-
duction hearing aid (BCHA) (Baha® Cordelle II) was used to provide a stepped sine stimulus in the
range of 0.1–10 kHz. Osseous pathways (direct bone stimulation or transcutaneous stimulation) were
sequentially activated by stimulation at the mastoid or the BAHA side using several methods including a
percutaneously implanted screw, Baha® Attract transcutaneous magnet and a 5-N (5-N) steel headband.
Non-osseous pathways (only soft tissue or intra-cranial contents) were activated by actuator stimulation
on the eye or neck via attachment to a 5-N steel headband, and were compared with stimulation via
equivalent attachment on the mastoid and forehead. The response of the skull was measured as mo-
tions of the ipsi- and contralateral promontory and intracranial pressure (ICP) in the central, anterior,
posterior, ipsilateral and contralateral temporal regions of the cranial space. Promontory motion was
monitored using a 3-dimensional Laser Doppler vibrometer (3D LDV) system. Results The promontory
undergoes spatially complex motion with similar contributions from all motion components, regardless
of stimulation mode. Combined 3D promontory motion provided lower inter-sample variability than did
any individual component. Transcranial transmission showed gain for the low frequencies and attenu-
ation above 1 kHz, independent of stimulation mode This effect was not only for the magnitude but
also its spatial composition such that contralateral promontory motion did not follow the direction of
ipsilateral stimulation above 0.5 kHz. Non-osseous stimulation on the neck and eye induced comparable
ICP relative to percutaneous (via screw) mastoid stimulation. Corresponding phase data indicated lower
phase delays for ICP when stimulation was via non-osseous means (i.e., to the eye) versus osseous means
(i.e., to the mastoid or forehead). Sound propagation due to skull stimulation passes through the thicker
bony sections first before activating the CSF. Conclusion Utilization of 3D promontory motion measure-
ments provides more precise (lower inter-sample variability) information about bone vibrations than does
any individual component. It also provides a more detailed description of transcranial attenuation. A
comprehensive combination of motion and pressures measurements across the head, combined with a
variation of the stimulation condition, could reveal details about sound transmission within the skull.
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screw)	mastoid	stimulation.	Corresponding	phase	data	 indicated	 lower	phase	delays	 for	 ICP	when	stimulation	was	via	non-osseous	means	 (i.e.,	 to	 the	eye)	versus	osseous	means	 (i.e.,	 to	 the	mastoid	or	 forehead).	Sound
propagation	due	to	skull	stimulation	passes	through	the	thicker	bony	sections	first	before	activating	the	CSF.
Conclusion
Utilization	 of	 3D	 promontory	motion	measurements	 provides	more	 precise	 (lower	 inter-sample	 variability)	 information	 about	 bone	 vibrations	 than	 does	 any	 individual	 component.	 It	 also	 provides	 a	more	 detailed
description	 of	 transcranial	 attenuation.	 A	 comprehensive	 combination	 of	motion	 and	 pressures	measurements	 across	 the	 head,	 combined	with	 a	 variation	 of	 the	 stimulation	 condition,	 could	 reveal	 details	 about	 sound
transmission	within	the	skull.
1	Introduction
Bone	conduction	(BC)	 is	a	normal	pathway	for	sound	to	reach	the	 inner	ear.	The	sensation	 is	similar	or	equal	 to	 that	resulting	 from	stimulation	by	air	conduction	(AC)	 (von	Békésy,	1932;	Stenfelt,	 2007).	 Several	 different





called	transcranial	attenuation.	Transcranial	attenuation	 is	 important	 in	many	aspects	of	hearing	and	 in	 interpreting	numerous	clinical	 tests.	For	example,	 it	defines	the	amount	of	masking	necessary	 for	measuring	BC	thresholds
(Hood,	1960;	Studebaker,	1964).	The	population	averages	of	different	data	sets	of	transcranial	attenuation	for	a	bone	conducted	signal	vary	considerably	ranging	from	0	to	15 dB	in	the	frequency	range	of	0.25–4 kHz,	while	 intra-
individual	variations	are	even	larger	(Hurley	and	Berger,	1970;	Snyder,	1973,	Nolan	and	Lyon,	1981).	One	of	the	considered	pathways	is	based	on	the	interactions	between	the	skull	and	non-osseous	contents	of	the	skull,	such	as	the































The	 response	of	 each	 cadaver	head	under	 each	measurement	 condition	was	 evaluated	using	measurements	 of	 the	 combined	 velocity	 of	 the	 ipsi-	 and	 contralateral	 promontory,	measured	 sequentially,	 and	 the	 intracranial
pressure	(ICP).	The	method	for	measurement	of	the	combined	velocity	is	described	in	Section	2.4	and	is	based	on	the	work	of	Dobrev	and	Sim	(2018).	The	ICP	was	measured	at	five	regions	within	the	cranial	space:	anterior,	posterior,

































































































































































Fig.	9	displays	the	ICP	data	 from	the	central	CSF	region,	which	corresponds	to	the	velocity	data	 in	Fig.	8.	The	ICP	due	to	stimulation	at	 the	forehead	(Fig.	9A)	shows	no	significant	difference	relative	 to	measurements	 for
stimulation	at	the	mastoid	below	1.5 kHz	and	a	trend	for	higher	ICP	at	higher	frequencies.	In	particular,	there	was	a	significant	increase	of	9 dB	(range = 5–12	dB)	from	1.5	to	4 kHz	and	of	11 dB	(range = 1–17 dB)	from	4	to	10 kHz.






































at	 the	contralateral	 region	 (blue	 line	 in	Fig.	11A)	 that	was	 similar	 in	magnitude	 (no	 significant	 difference)	 to	 the	 ipsilateral	 region,	with	 the	 exception	of	 the	4–10 kHz	 region,	where	 the	 contralateral	measurements	had	a	5.5 dB


















































































































































































Comprehensive	 experiments,	 including	 simultaneous	 motion	 and	 pressure	 measurements,	 with	 various	 stimulation	 positions	 and	 coupling	 methods	 allow	 for	 detailed	 exploration	 and	 differentiation	 of	 the	 individual
contributions	of	the	various	bone	conduction	pathways.
Utilization	of	combined	3D	promontory	motion	gives	more	precise	information	on	bone	vibrations	with	lower	intersample	variability	than	any	individual	component.	The	3D	motion	measurements	indicate	that	the	promontory
undergoes	spatially	complex	motion	with	similar	contributions	from	all	3	orthogonal	motion	components,	regardless	of	stimulation	mode.	Additionally,	transcranial	transmission	changes	not	only	the	magnitude	of	the	transmitted	motion
but	also	its	spatial	composition,	such	that	the	contralateral	promontory	motion	does	not	follow	the	ipsilateral	stimulation	direction	above	0.5 kHz.	In	addition,	single	axis	motion	measurements	could	be	overestimating	the	transcranial
attenuation	below	0.5 kHz.
Comprehensive	combination	of	motion	and	pressure	measurements	across	the	head,	combined	with	variation	of	the	stimulation	condition,	could	reveal	details	about	the	acoustic	power	transmission	within	the	skull.	Preliminary
data	indicate	that	sound	energy	is	transmitted	from	the	stimulation	area	to	the	posterior	and	contralateral	sides	via	skull	bone	(potentially	through	the	skull	base)	before	activating	the	anterior	parts	and	consequently	the	central	region
of	the	CSF.
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